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Inimstlgations h«¥« b««& earritfl oat on KMnr febrio 
i^einforecd vpoxy rosin Isbricatod In ths l^>orntory "bf hand 
Xayii^ te<^3ni<]^» Th« ilsxursl feetigm t«sts perjtnrssd 
on fiat apvcimmm in cantilevor banding undar st)roka con- 
troilad aoda vil^ saro naan d«£Laetion* A fatlgua tasting 
aachina availabla in laboratory Is nodif iad and usad for 
th« tasting* Tha dagradation in fatigua aeoaot aodulus i*e. 
tha nodulus at maarinaiw strain point, has baan taiksti as a 
naaaura of Intaxtul danaga in jQ>aoiaan» To nSasora tba 
fatigue sacant nodiaus naxin^aa banding noaant at tha f ixad 
«ad of tha apacijftan vas aaasurad by tha naans of a dynanonatar* 
Tha failura of tha sp*<^in*n nas dafinad by a saeaat nodulus 
failura oritarioa i*air failure occurs \Aim tha fatigtia sacant 
aodulus raduoaa to static sacant nodulus* 

Xt vas foinad that, alth(n:ght tha dsaago aeeuauliction 
dap«ids on <^pllad strata layaX^ At follevs a dsfinlte trmdt 
Tha damage a^umilstion ean be divided into thrae staps, the 
damaga initiation» staady daaagai and tba damage propagation* 

A danai^ modal has haen proposad to pradlot tha damage acetmu- 
latlon vith the maiemr of fatigue eyolas* Xt consists of a 
strain dapen^^t monotonically inoraasing damage rate term and 
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another otmln 4tp«tid*nt iMnotoBlciOly daorvacLsg Am£* r«t« 
tarn sodtrattsd by a strain dM^endiait washing y»«r«ati»r» tb« 
S-H eiirva bna be^i daflnad by a linaar lav batvaan aoxtiallaad 
fatigua atreaa or strain and log of fatigno lift aa vtll as by 
a pomr law bttvotn noraaliaed fatlgut atartas or strain and 
fatigua lift* Hit scatttr In fatigue life data baa bten 
analystd by a tvo pareBeter HeibtiU. distribution and proba-* 
bility 3^H ounres have been draen* 



CHApm 1 


IHTRODOJTKai 

xa C(m>SXTS MATERIALS! 

A matftriaX aad* lay ttk* e«ia>i&«tXon ol ftr mr* 
wafiroconMtitxmttu dilTorlag in 2ora «iid/or auKteiJKX #tiiqpo«i** 
tion «ad that art tssentially iBaolta>X« in aiu^ ottuir ia oailtd 
a eoBpasltc sattrial, 

Fibrt rtlntoraad eon(posit«a art raXatlvaly ntv aatariala 
but thay hart alrtady bffooaa iaportant aiiglnttyiMg iMtariala* 
Thty art v«Xl Imam far thair lii^t higb 

hlsfii atiffnasa and aantroXlad anlaatrapia propaortita* Addi* 
tlcmal advanta^ liiat eoiqpaaita offer vyrnr tba aDSfirontional 
aatariaXa ineXuda flexibility in daalgn, eaae af Mrittation* 
eorroaion reaiatanioe, etc* Today, fibre coi^aitaa hank found 
au^ diverae a^Xiaationa aa apaae vebieXeaj alnreftf offahorc 
atruaturta* autonobilea, protect!^ aiiaoura» eeatalaara, 
oeiToaien reaiatanee eoati&aa, aperfciag gooda» ^eatroniaa 
and appXianaea* 

Mdir a dajra the neat widely taaed fibroua aoiq^aitea are 
sPLaaa,-, grapkite>*, Kevlar and boron-* fibre ia e ye attea* 

E<» d^laaa fibre ooapoaitea art neat deweltped and widely uaed 
beaauae of ita reXatire lew eoat* It haa a eery high tenaile 
atrength, but lev atiffneaa* Boren, graidiitet and Ketlar (aa 
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coiq^ar«d to gX*u) fibres «rc aost oageeptloaai booftusc ot th«ir 
hl|^ otiffb««8 rallies, al-^^ugh tb«3r •» oostlicr* Of tbase# 
th« grai^t* f Ibrts of for a large tnurlaty vltb 
ooabinationa of nod^ua and strength valuas* It has high 
ooBg>r«aalon strength and a aoderate density* Xt is used In 
stiffness orltisai and covpftssion oritleal uses and the uses 
ahere high srpeelfle bmkIuIus Is required* Boron fibres has 
highest eodiaus and strength) but also high dsnsltfy* Beeaust 
of its better high tMg>erature properties it is used In high 
teapersture uses; as in aircxeifts etc* fieoause «f its highest 
Strength* lowst density and low cost as ceepared to graphite 
and boron fibre* Kevlar fibres have beeeae an inportant 
reinforeeseot aaterial today* It has various other favourable 
qualities. The iopertanee of the Kevlar fibre eosipoaites are 
inoreasing oontiiaaoiisly in praotisal uses* Sevier fibre 

relnforsed eosposites is the sub;}ect of present investigations. 

» 

1 ^,%: . 

Introdueed eoasersially in the early aevwities* Kevlar 
aitoBlid fibre is an aroaatio polysaide fibre* Xt Is an arosatlc 
organic ooap^und of carbon, hydrogen, oxygen and nitrogen* 
SsseelXeat properties of the Kevlar fibre eosposites sore Itm 
dsnsity* high tsnsile strength, soderate tensile eoduius, high 
fraeture toughness, and high is^ast resistanet* Sone additional 
proparties are ehemeal and sachanisal stability eiXn* a vide 
range of teiperaturs (•*196 to 204^C dspendiiq; upon resin). 
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eorro«loti r««ista&ee, •leetrieal nocrconduetlvlty ft«* But 
it h«« low ooiB^TOftflivo proportitts a« a result of poor ootqpXlog 
proportjr of fibre with 3r«8ln natrlx. Also ths noisturt absorp* 
tlon by the fibres is high* 


Kevlar fibre eosposites are used i& tehsiou critical 
itruetures, ballistic proteetions and indifferesit hij^ parfor- 
aanoe eoaposite applioatious* the vide appliaation of Kevlar 
fibre coBposites include the use in roehet engiue oases* 
airplaiies ooaq)onents» helicopter blade and other parts* boats* 
Bzwmoblles* tracks* offshore strusture, pressure vessels* 
conveyors* ropes az^ cables, sporting goods as golf stlok etc* 
helsets* protective gloves* ballistic protective vests etc* 

In service, alieost all the above aentloniA ccaipoaents 
eaperlenee the repeated loading and vibrations* Ifttich nicessiates 
the iatigtw analysis of aaterial* The lack of data available 
for Kevlar in fatigue, results in selection of its fatigxie 
testing for present investigation. 


1*^2 FATIGUE OF 




S1TB3I 


Coaposite nateriala are being used in a variety of. 
structures that aust net fall* Hoi#mr« it has been Isamt 
froa esQjerience that nothing lasts forever mA mmrf structure • 
or coapenent built possesces a finite servlM life* thieaipected 
or preaature failures often carry eoonoaio or safety iaplioa^ 
tions sad must be avoided. It Is, therefore* i^pexative that a 
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a*tliod «xl»ta to prwldo an oatiaata oJf the liifc ti*« imdar 
service eomlltlons, that makes fatigue anaOyals an important 
conalderation. 

Two ij^rtaat features of the fatigue of composites 
as 9 om&tared to that of metals are that composites eadalhit 
evldenee of physical damage to the material muife before the 
final fixture whereas metals exhibit cracks ^ust prior to 
final fracture* Secondly, microevents idiich reduce the 
striBogth and stiffness* and determine the lift of composites 
are complex:, “fSTlous and intricately connected to a wmriety 
of failure modes under different circumstances idxcrecs metal 
exhibit one failure mode cracking* Failure modNt for composite 
Includes fibre breakage, delaalnatlon* matrix cjmcklng* interface 
deboodlng, wold growth and/or combination of them* 

Composites have been slMwn to be more m wici tl’et to 
strain range as compurttA to metal fl}* This rcwhlts In the 
high cycle fatigue strength of coig>csltes being hlidi mith 
respect to static and low cycle fatigue atrength«r That la, 
fatigue damage for composites is more critical in lew cycle 
fatigue region tfaai high cycle fatigue region* ifeereas for 
metal fatigue damage may critical for high cydle fatigue. 

the tenalle strength of unidlrectloaal composites 
is a at a direction of 0® to the fibres* in fatigue tlw 

mldlrectlonal construction is not optimnmi Cl3* The best 
ei^lsnation for this phenomenon Is the fact that umidirectional 
material is sidilected to splitting and rapid crack propagation 
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in thf natrlx par«ll«l to tbc fibre* In g«3«rtil» inniovwa 
aeteriaXe are st^erior to voron laateriaXs in fatigue because 
fibres in unwoven wterials are straight and paridLlftI ozhi do 
not g*t crlaped as in the woven fabric construction £ 2 ]* 

High BK»dULLuc fibre reinforced conposltes* sueh aa 
Kevla3>** borxi-, and graj^ite- reinforeed polTuers* display 
em^ellent fatigue resiatanee when tested in dlrectiona in 
vdil<^ the properties are fibre controlled. In general* it can 
be stated that the excellent fatigue resistance of thece 
aaterials resulta from the envircnoentaX stabilil^ of the 
high ttodtilus fibres and their lev strains to failure, which, 
as a resblt, produces lev strains in the netrlx* 

A linited woiic hag been conducted on the fatigue behse- 
vloirr of Kevlar-*A9/ epoxy oeaposites* linited fatigue data 
aiqjplled by the fibre nanutfacturer and Minar et«al»£3] (Flg«l«l)* 
Abows the fatigue behaviotir of Keirla3M»9/epcx3r* Conparlaon of 
fatigue behaviour shows that Kevliu>49/epox3r enchibita eespax^ 
ble fatigue properties to bors/epoxy and graph! Wtpaxf* 
Kevlai^9/epoxy displays far superior fatigue properties 
coapared to glase^epoxy and aliMlniua* Hanatad [4] has worked 
on Hevla3><49/epoxy strands. Be found the fatigtie life varied 
fron approodsAteiy 2000-76000 oyclea for a ainaaoidal loads 
varying fron 1* w 9^ of strand failure strength at 10 H*. 
these resulta shews a Isonge ecatter in fatigue Ufa data, 

Buneell Cp] working on Xevlaz^9 fibre found that £evla)~-49 is 
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Number of Cycles to Failure, N 


Fig. 1.1 Comparison of fatigue characteristics of some 
unidirectional composites and aluminium. 
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e<i&si4«3r«dl to h«v« high reolAtance to fatigue aa Oooparod 

to othor polyscrlo fihrta* Kovlar lota riot haaVup algnlfleantly 
during fatigua. The allaot of straaa range at oorurtaat BuuciBnoi 
load la algnllloant for Kevlar coa^altea. 

13 LITERATURE SURmi 

fatigue of coapoaites haa boon eactonalvely studlod* 

Hovorar, a very fev atudlei [ 3 ] appear to have been eonduoted 

y 

on fatigue of Kevlar fiber ooapoaite uateriala The fatigue of 
^aaa fiber ooqpeaite aaterlaX haa been explored extenaiveXy[ &-21} • 
A lot Of work haa been done on carbon [12»13>17»E2*24] and boron[25 
fiber coapoaites. too* Although# flexural fatigue teating ia aore 
eoanon for aetala beeauae of their laotropio propertiea# for 
oo^poaitea aore work have been done in axial fatigue 

However# flexural fatigite ia alao atudled by nany 
Inveatlgatora Cl5-2l]. 

In general fatigue propertiea of eoatpeaitea art influenced 
by various aaterlai and testing variables euoh as# (1) matrix 
material# (2) veXi«e fraction of reinforeemMct# (5) ply erlenta* 
tion and stacking sequence, (4) type of weave# (5) interface 
preperiiea# (6) type of loadixig# <7) mean and alternating stresses# 
(6) oyoXie frequency and ( 9 ) enviroasmental eeaditiDns* etc* 

Boiler [27] «»d Sfcevia et«al# [283 have evaluated a variety 
of matrix system and found epoa^ to be superior in fatigue. Many 
inveatigatom C9»27-303 have atudied the effect of fiber content 

on fatigue prop«rtiea of ooigioaitoa* They foisid fatigue strei^rth 

% 
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is hie^r tor fibtr eontsiits but b« 7 uu<l m <^tlaiui 

puint stx^ug^ ducrcassf* lb* sjtiuct ot fibur oris^tatioB 
is oompXox mo& it is iound that tmidlruetiozud. eonstruetiuii 
is not optjjBuu [l]« the stacking seqi 2 «Qee also ixtfluensea 
the fatigue life, mainly for fleoraral fatigue. IkWfls et.ai,[2e3 
have given the 3-«H curves for various types of notmoven and 
voven fshrio for bolh axial and flexural fatigue* Sally and 
Agaarwal [7,8] suggested that either of strain or stress con- 
trolled fatigue tests ean he used in lev eyoXt fatig\» studies* 
Kin and Bhert [21] tried various control node «Qd found load 
emitrol as mst danaging end stroke control as least dsasging 
vhereas danage node is unaffected hy control node* Sf feet of 
speolnen geometry on the strength of eoapoaite asterlal have 
been described by Kaninski [5X1* SffCot of mean end alternating 
stresses are shown by Oven et«al. [d] with the help of & caster 
disgraa, Salkind [i] found that in fatigiaet conposltes ere 
aort sensitive to strain range as c^spared to nttela* ^e 
effect of cyclic frequimey is leas pronounced ia netaXs vhereas 
it is significant for coiqwsites [14] « Ihls efibct Is higher 
for lev cycle fatigue lives than for high cycle fatigue 
lives [15]* the effect of cyclic frequency is Investigated 
by nany c«iers [11,17,21,32] too. 

fitiih »bert [33] have described the diffluent failure 
nodes (tensile, c^resslve and idicar nodes) and neehanisn in 
static flesniral C4**polnt bending) tests* Bronnlng ct#nl, [34] 
have given a modified been theory to calculate flsKurea strength* 
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fouad that dlseontiniiitlaa in th« iapXana strftaaaa at 
layttr intarfaecs laad to a state of strtas i^xloh is difficult 
to cosQ»ar« to otaadard laainate toiisiXa GoiQ>ons* For uoidircc* 
tional ooflqpositaa they fouzKi flexural strength higher than 
tensile strong^ because of statistical nature of failure 
process* Dharmn [l7j has studied the fatigiie behsEViour of 
gi«ldiite/polyster conposite in (KHqpletely rerersed bending* 
AgareaX and Joneia [19«20] and ^eneia [iS] base dons a extensiire 
work on flexural fatigue of GPRP in cantilever loading under 
dis^aceaent control node with zero scan displsoeoent* Slnilar 
eork had been done by Janes et.al, [153* W* end Ebert [21] 
have studied iiie flexural fatigue perforoanco Oharaeteristlss 
of unidirectional fibej>-glass oonpositca iraryiBig the mpma, to 
thickness ratio in four point bending* 

The ehareoter and extent of internal daosge hare been 
studied by investigaters using different methods* Host of the 
intostigators have used change in structural properties such as 
static or dynaatc oodulus [7,10,14,17-^20,553 » reoidaal strength 
[9»lB-20,50], or load decay [I6,2l3 so a oeasuro of internal 
dsoage* Bahn and Kin [U] extended thd secant oodtiltis degsrada- 
tion criterion as a aeasure of daaoge iron stitio to dyaanie 
case* 

The failur* of the speeisens has been defined by different 
investigators by differmat failure orlterlon* gelkind [1] has 
suggested that fatigue test data be reperted in teres of cycles 
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to a given change In atlfinaaa rather than cycles to tracture* 
Kany inveatlgatora [6,l&-20] were taken the cco^lete separation 
as the criterion of failure, whereas few of then and snae 
others [17*20] were considered a loss of known percentage 
in stiffxiess as failure* Brogdon [12] itsed !aial'‘^Bill failure 
criterion for fatigue teats* Hahn and Kin [ll] first stated 
that failure occurs when the fatigue secant Tsodulus reduces 
to within the range of the static secant «»dultis» O'^Brlen 
et*al* [ 29 ] defined a secant nodulus failure eritarioa baaed 
on the statenent of Hahn and Kin [U]* Hwang azst Hah [55] 
have given a strain failure criterion. 

A large Busher of investlgeters have done the fraoturo- 
graphlo study to find out the daaage nechanlsa* JTipes et«al,[l5] 
have studied the effect of convolution of threads in weaved 
«10'& reinforced piactios* Owen et*al« [6] have distinguished 
the dshonding, cracking and separation phases in fracture of 
ORP* Daaage nechanisa for grajhite/pelyster In fleanral fatigue 
has been studied by Zltar«r [17]* Mechanisa of dcaage propagar* 
tion in weaved cloth laainate of ORP is deserilMd by taniaoto 
et»al* [ 9 ]. Kla and Ibert [26] hare described the failure 
sequ«ice and aechanim in axial fatigue of OPHPt Inter they [l4] 
fOuad that the eateiit and node ef daaage ia affected by aeans 
and alternating stressea both* Hwy, in their ether investiga* 
tiona [21] found that tiie b endin g fatigue failure Siods ef 
unidirtotional fiberglass oosg>osites (dianges frnt shear failure 
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to flexuinl failure passing a combing failure region as the 
Qian to thic^ess xatlo value increases. described the 

daaage node for all the three eases hy dividing that in four 
steps* 

A lot of investigators have studied the iUt*ogressive 
nature of the daeege in fatigue of eooposites* Seaie of then [9» 
1&-20,213 studied It qualitatively vhereas aany ethers [7,22*24, 
3S-3»1 studied it quantitatively and developed the different 
daaage nodels to predict damage seeuaulatlon during fatigue. 
Dally and Agareal [7*8] have deeorihed that fatigue awdulus 
varied linearly vith logarithm of nuoher of oj^es* Yang and 
Jmms [22] have proposed a three parnM^wr fatigue and residue! 
strength degradation model to prediot statlstieslly tho fatigue 
hehavlQur of oompoalte laminate under axial ^eir loading. The 
fatigue behaviour inoludes the fatigue life and the fatigue 
damage eiqpressed in terms of the residual strength degradation* 
The different statistioai strength degradation models have been 
given by investigators [24*363* Poursartlp ot««l« [37] have 
st^es^d a genoral function to described dsm age eeeiwaation. 
They have elso given three sia|»le eacasples of iitm function* 

I 

end Ban [58] hav^ oritleaiiy reviewed the svailsble 
damsge models* They hare also proposed fee new models* 

A number of analytieal models have been developed by 
investigators to predict tho fatigue life assoeisted with 
spplied stress* Dally and Agarwal [7] had tried several 
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r«lfttionAhi.p b«tM»«a applied atrasa leva! aod di£0»rant powtra 
of logaritbM of fatigvm lile wad found th« Xijamr rcCLatloiiablp 
a« tilt boat [b« ll]^ A powtr lanr hwa bten appHtd by mway 
Invaatlgatora Stvtral otbtr rtlationablpa have bten 

alto develop^ by investigators. Sins et^ai. [12] hair® given 
a nodel including oacillatoir to naan stress mtio ten too* 

Bthn [56] has given teo statistical life prediction nodels* 
Ssfflieckyl [ft^] has presented a new procedure for getting 
fatigue ttodels* consisting of a deterministic equation (to find 
out equivalent static strength to fatigue data) defining the 
shape of 3-N curve axid a probabliistio description of data 
scatter* A new method to predict fatigue life under strain 
failuze criterion has been developed by Hweng end Hen [35] • 

. Scatter in the fatigue life data has been snalysed 
by investigators [14,15]* Ihe data scatter has bean repivsented 
by many distributions such as log normal [6, 14] end bCibUll [11, 
12,25,24,56*58] distributions* Many investigatcqrs [25] analysed 
the fatigue life separately by distributions idhireas some ether 
[22^24] developed the models combining the damisge model aodl 
distribution function, also few others [11,12»56,58] combined 
the life prediction model with it. 

A limited work by Miner et*al* [3] on fhtlgtie ef KevlacMi9 
fib«|r eomMsites shows that the tension-'twisioa fatigue resie- 
tance of unidirectional Kevlar fiber coiBposite.' (Iig« 1*1) is 
ooicperable to that of unidirectional boron fiber iwwpositt, 
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vhlch .i« recognized az bftst m&og coagposlt* aiteriJCls* 
advantage over GRP and a conventloxutl alUBlnun is significant* 

They also found out the fatigue reslstanee of Ksvliu>49 fabric 
reinforced eposy coaposlte as beiirter than oonparable glasa 
fabric reinforced epoxy cosQiosite* They fouiMi the fatigue 
properties of Kevlar cooposltes as auch sensitive', to strain 
rate* Other useful worsts on Kevlar have been done by Investi- 
gators [5*39-45]* cienents [39] stated the difficulties in 
fabrlflAtion of Kevlar fiber ooaposites and in cutting of 
Xaalnates. Btmsell [5] have detemined the tensile and fatigue 
behaviour of Kevla3>49 bare fiber* He found harrow hysteresis 
loop inf fatigue oyoling after few Initial oyoles* Cleaents 
et.ai* [40] have obtained the tension, compression and shear 
properties* of Kevlar coaposltes* ^though, foieid* tensile 
aW compressive elastic constants suae, the material proved to 
be several tines (approximately five timos) gtxonger in longi- 
tudinal tension than in longitudinal cou^rossion^ umi also 
several times weaker in transverse tensile than in transverse 
eoim>ression. Jacob et*al» [4l] found the static tmnsile 
strength and several types of failure modes for Xevlar/epoxy 
composite* testing ring type speoismns* Zweben [4s] and Pimeher 
et«al* [49] ^wi that the bending behaviour of armeid fiber 
eoaposites is affected by the large diffmrenee bmtwten the 
tensile and obimprossive strengths of the fiber* thmy have 
given an elastio-piastio model based on elastie-fporfbotly 
plamtio compressive and eXastlo brittle tensile behaviours* 
the influence cf the multi-nodUlus (different modules in tension 
and oompreasiqn* mainly for caibon-earbon coag>ocite) characteristic 



on tho b^avlour of a floxurel t«at beam baa been evaluated 
by <Jonea [4A]. Aiqr work on taie flexural fatigue of Kevlar 
fiber ooBpoaittt wnterlal was not avallabLe, It waa« tberefore 
decided to perform the flexural fatigue teats on Kerlar fiber 
reinforoed epoxy composites* 

1,4 PRESSHT Wmt 

In ibe present Investigation Kevlar--49 fabric reinforced 
epoxy reain coiQ>osite laminates were fabricated by hand lay-up 
technique in the laboratory (describad in Sec, 2,1 )« The 
specimena of the required aixe have been prepared by aectioning 
the laminate with circular aav (Sec. 2,2), The Static fXexwal 
teats were performed for static csharacteriaation on MTS under 
three point bending (Sec. 2,3)* The fatigue testing machine 
available in the Coagaoaite Katerials laboratory* designed, fabri- 
cated, and used earlier by iTone^a [16} was modified and used 
for present investigation, The testing system is described in 
Sec, 2,4, The fl«curai fatigue tests in eantUe^^ loading 
were performed on flat specimens* One end of the specimen was 
fixed vbile the other end was cycled between known diaplacement 
liaita with mere mean diapleeement. The different displacement 
limits, namely 12, 13, 18, 21 and 26 m etc, were selected so 
that the fatigue life varied from about a thouasnd to a half 
million cycles. The bending moment at the fixed end was measured 

by means of a dynamometer and was recorded at desired intervals 

* 

without interrupting the fatigue teats. The whole experimental 


proeftdure is described. In Section 2.5* Fr«u5tiirogrei5lilc study 
of a apeclaen was performed under microscope and described in 
Sec* 5*1 alengwitb the fall\ii^ criterion of specimens in 
fatigue* l^amage accumulation vlth nusd^er of cycles was 
studied and a damaga modal was developed (Sec, 3«S)* Analytical 
model of S^N oux^e and its statistical analysis is described in 
Sec* 3*3* Concluaiona drawn from the investigations and some 
suggestions for future woz^ have been given in Sect* 3*4 and 
3*3 respectively* 



CHAPTER 2 


EXPBRIIBBTATION 

2.1 MATERIAL FABRICATlONi 

Th« present Isnrtatigatloxu hav« pisrfionMkl Ma 
K*vlar^49 fabric rainfortad apoxy raslozx* Aliboush fabric 
aatarlal baa lew fatlgtia propartlaa tbaxi lamoYan aatarlal^ 
it la widely used In practical appllcatlona due to «aa« of 
fabrication* Kereewarf In the laboratory this vac the only 
form of Krrla2>^9 liber available. Kevlar-49 faiade ^aclfl** 
eatlona ai^pplied by the aanufacturtr are given in fable 2*1. 

Fabric haa imeqixal oounta and denier of fiber In eroae- 
dlrection* It aakea the fiber voltwe ratio in mp and fill 
direction aa lOil* Thia type of veavlng la generally referred 
to aa the unidirectional weave* All the properties calculeted 
In the present study sre for warp direction is the d«iee 

fiber direction. 

The specifications of the epoxy stpplled by the awuiufacturer 
are given in Table 2»2* Curing teaperature and earreapoiuUng 
curing tiflies ae suggested by aanufsotiuipr hiaeeiJf are given in 
Table 2*3* However, the different coabinatlon «f curing tespe- 
rature and tiae producea no observable diffaxeaee in properties 
of eosposite. • 
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7ablft 2*11 K*vlar Fabric %}««iJtleatlozts* 


Prodtict 

*- 

Du Pont Co** DSA 

Catagory 

- 

Kavlai>49 Fidsrlas 

C*S* atyla 


345 

Farmer Du Font Style 

- 

145 

Waight (per unit area 
of fabric)* g/m2 


190 

Teaalla atrangth.N/a 



WaJT) 

«w> 

255700 

Fill 

- 

28700 

Count (No, of yarn/in, 
in varp x fill) 


100 X 20 

Tam danlar (Weight In 
g, of 30,000 ft. long 
yam) 



Warp 

mm 

380 

Fill 

mm 

195 

WaaYa 


Crowfoot 

Finish 

mm 

CS 805 

Fiber Properties* 



Specific gravity 

m 

1*44 

Deooaposition tamp. 


500^C 
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Table 2«2i %>ozy j%»clTloei:ioiis. 

Product - CIBA Gelgy Izidla ltd* 

Cetegoryl Ream - Aaraldite i-r556 

Hartlaer - Hatrdner HY951 (10^ Of Araldite by irt#) 

M i xi n g - At room teiperature 

Viscosity, cp - 5000 - 6000 

Pot life, hr. •• 0*5 •• 1»00 

^eclfio gravity - 1*2 - 1*3 

Tensile strength, MPa ** 55 *■ 130 
Tensile iMdulus, MPa - 2800 « 4200 

Poisson*s ratio - 0*20 - 0,33 

flexural strength MPa - 125 

Deconposltlon tesp. *^0 - 270 - 280 


table 2*3* Curing Chart, 


Curing Tssip, (°C) 

Curing Tiiae 

20 

14-24 hr . 

50 

5-7 hr * 

80 

1-2 hr* 

lOO 

15-30 min. 

140 

5-10 min* 




Coo^ait* XsBiiuitas ^ m. thlckmas vtrf cmst by 
haad lay-uqp tacfani^a In th« laboratory* Fabric vaa cut into 
th« rttquirtd sIim )by a iq}«cial Eavlar cutting aeiaaora, 
auppliad by fabric manufacturer Du Pont Company itseliT* Tha 
fabric size vaa kept such that a good central portion of 
250 X 170 am® al*e could be obtained* To obtain anximun fiber 
volume fraction along with good aurfaco flnlahy ten layers 
of fabric mere used for 3 »b thick Insinate* Fti»rio mma 
denolsturlmed coBg»le*ly lay pretreatlng it in an ovwi at 105®C 
for 16 hours* It mas then cooled in the oven Itself so that 
m aAisture oculdy^edisorbed again* 

Composite loninatos more east bttmean tmo 23 mm thick 
mild steel mould plates lined vlth mylar shoots* those mouldl 
plates mere got chromium plated to avoid rusting and henee 
to ensure the good surface finish of the lamlisitos* the mylar 
sheets make it easy to release the Ismlnate from plates and 
also ensurss the good surface finish* the fSbide pieces mere 
placed on the lomer mould plate one by one* Bosiin mas spread 
on lomer mould plate and on the top of each fabric piece and 
spread by means of a bruSh* 'ho enhance wettii^ end iiQ>regna!» 
tlon the resin mas tapped and dabbed mlth spatula befosre 
spreading resin over fabric pieces* the laminate mas rollod 
gently mlth a rubber roller after placing mylar shoot on the 
top* this squeezes out the entrapped air and ttm sac t y m epoxy* 
the vtpp^r mould plate mas then placed on the top« the mould 
plates mere separatsd by mild steel spacers to oontrcl the 


so 


thl«kn«ia »t th* liatiawt®* Uie aoiild platft applita a prtsaura 
dtift to it* ova Wight and du« to tlghtaning of nut» on th« 
holta going tturough both tho mould plates* fimscss rtsin 
gets squoMfid out from tho sides* 

The pistes wre oured at room temperature for about 
6 hours and then at 55 * 60®C for another 12 hours by heating 
the B»uid pXatas idirough sererai 250 V heating aXements plaeed 
on the outer suirface of each mould plates. The rate of heating 
oould be controlled through a transformer# 


Ihere is no easy method of finding the fiber volimae 
fraetiont eaptrimentaiiy for Kevlar fiber oon5»oslt«s, because 
in the resin bun>-off teat, the fibers also hii^ off [593* 
Other methods are tricky, therefore, following iodlrect method 
is used to calculate the fiber volume freotioni 

Veight of fabric impregnated in a knoim voluaet of 
composite can be easily calculated by the areal dmiaity of 
the fabric. Thus fiber volume fraction can be calculated if 
fiber density is knovn* 


Fiber volme fraction - 


uhere, 

A 

If 




w 


t Area of composite laminate* 

} Hunher of. fabric layer in laminate 
« 10 



ZL 


/fa * danaity of fabric 

* 0.190 kg/m^ 

I Danaity of f ibar 
« 1*44 X 10^ kg/m^ 
t t ThiclmaaB of laalimta 

m 0,005 B 

Hanea, 

'’t “ 16 J 

« 0,4593 ( :;; 44 55 , ) 

2*2 3P8CIHBN PI«2AB4TI0N> 

Cutting of Kavlar aoai>ooita la a diffla^t lob* 

Claaanta [39] auggaatad tha aaotionlng of laalnatta by a 
fina^rit diaaond idiaal at low gpaad. Howarart by thia aatbod 
tha apaad of outtlng la too alow. Cutting by xoutar at apaad 
of 10#000 and 45*000 ypa produead a lot Of brooming at tha 
adga* Cutting with a low power laaar baaa bum off tha adgas* 
fhaae brooming and burning at edges «an not ba aacaptad for 
fatigue testa* Water let cutters are probably btst but are 
mt available in the laboratory. 

In mtchaxiioal oiittizig of Kevlar ooiapoaitet* a let of 
probltma are a direct oonsequanoe of tha fiber toaghoess* 
Baoausa of its high toughness and strength, the fib«ra break 
and piUl out from Inside of the eosgposites instead of cutting 
at tha edge, this problem is mom at low cutting speeds* 
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b*8t r*aiiXts In cutting laminates na* obtained In 
cl«diar sawing idien mconwentional side (slant side of teeth) 
of a metal slitting fine teethed H^S.S, cutter was used at 
high speed! [45]* Cutter size used is 6 in* dia* end 2 ibb 
thickness with 7-8 teeth per Inch which would he better if 
finer* Circumferential speed of cutter is around ^ Vs with 
plenty of cooling water* Ihe cutting speed in dwis# fiber 
direction (cutting less fibers) is quite high but in cross- 
direction it is raoderate* ihe quslity of the edge is quit* 
good esceept few broomed fibers at one side of edge from which 
cutter comes out after cutting. Ihls brooming can be easily 
renoved by sanding the edges on simple wood sandin g paper 
and a good edge finish obtained* 

2*5 PRIUMIKAET MiTBRlAL CHAHAClERXZAnONi 

Static natural properties of the material were obtained 
by three point bending tests on HTS* Two speeiium of 150 wi 
length, 12.7 mo. width and 3 rai thickness were tested with 
100 am ipan. load was applied at centre span and losd weraus 
deflection cvrres plotted* The typical cunre Is ^own in 
Fig. 2.1. Tha awtrage properties calouleted by #iiq?le beam 
theory are given in Table 2»4. 
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avoi 


Fig. 2.1 Static flexural stress - strain curve (three point bending, stroke 
control mode) 
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Table 2.4i Fltacural Pxx>p«rti«a of Motorial. 


Proportional strain 

fim/m 

9850 

Proportionsl Stress 

MPa 

257*50 

Tangent Modnlvui 

GPa 

44,01 

Ultisate Strain 

jm/t& 

27450 

mtleate Strength cr^ 

MPa 

502,07 

Secant ModUlua 

St, sec 

GPa 

0 

18,29 


KOlBi all tha proportlaa aro for danse flbor direction. 
2.4 fSSTXm SrSTSMt 

Im mxtjy applioatlons, eosgpo^tee ere «i99»4«otad to the 
repeated bendlos leads vhleh neeessltate the flenral fatlsue 
testing cf coepesltes* For Kevlar ooaipeeltes temdle and 
conpreeelve strengths are different so that thilr fleacunl 
fatigue testing is of great Inpertanee* It eas« therefore, 
decided to conduct fatigue tests in flexursa esdet The edvan- 
teges of fleiEurel fatigue testing are the siapUeitr of sped- 
eeiui (henee inespensive) and -tiie fa«t that it is usuaHy 
possible to conduct the tests at highmr speeds b e tame the 
specijeen «ea ehioh gets heated during oyolie loeding is close 
to the surface, The disadvantages include the vajdatien of 
stresses thxoni^ thickness and along thslength as veil. In 
flexural fatigue tests lnter-l«iaar shear stresses ere present 
idiich HSy sause delaninatlon prior te tensile or eoiq^reesive 
fsllure. However, tbeee InterXeeinar stresses esn be oede 
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inalgnlfleant by proper aeltctlon ot the tpm to diopth ratio. 

The iatiirue teatij:^ Bachine available in the 6oEa(poalte 
nateriala Labomtory anduscd in the present Investigations 
had been designed, iabriaated. instx-uaeirted and used earlin;* 
by d'oneja [16]« However* worn aodiilsations were nade in the 
systea. The Machine is designed tor cyclic ilexural loading* 

In this set-up* the specinens are Tised at one end while the 
other end is cycled between hmim transverse diiQ^eoeaent 
liMlts (displaceBents perpendicular to the plane of the speeiaen) 
with aero nean displaoeaent* This cycling produces slteznatlng 
tensile and eowpressive bending stresses in the iis»eciaMai* 

The testing eachine is aehenatioally shown in Fig* 2»2* 

' 4 

One end of the epeolnen is fixed In grips (b) vhich in turn are 
Mounted on a dynanoneter (a). The grips were designed to 
ensure proper gripping and allgntsent of the apecdbMm* ^e 
dynaMoaeter* on vhich the grips are Mounted* had been designed 
to Measure the bending Monent at the fixed end of apecintn* 

The dynasoBieter is an extended oetsgonal ring typ* and will be 
described leter* The dynaooaeter is Mounted on a rigid coluon 
^diose base is fixed in the foundation* 

The second end of the speoinen is placed in e speciBen 
holder (d) through vhich transvesree displaoenent is provided 
. to it* The design of specisMn holder luts bom Modified and 
will be described later* The apeciMen holder is MOtasted on a 
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constraints^ i- Eccentric pin roller; {-Eccentric pin; k- Driving disc; I- Driving pully; 
m - Motor puUy ; n- Motor; o- Counter. 

Fig. 2.2 Schematic diagram of flexural fatigue testing machine. 
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oyXiodrieaX rod (e) idiich is rsciprocatsd by a drivibg link 
msidbauiaai. Ostails of ths driving link are illustratad 

P 

throiigh tiio difforont vicvs in Fig. 2#2 itsslf. At ths 
lowr ond of tho eylindbrieal rod, a rectangular box (g) is 
attached, idilch laoves with it. Hoveaent to thrn box is provided 
by a roller (i) vhlch aovea in the box freely* the roller is 
attached to a pin (;]) eecentritaily noiairted on the driving 
disc (k), ¥ith this arxengexent vertical reciprocating 
notion of the pin is tr^msferred to tee speclnen holder 
thxx>u^ the box and the cylindrical rod but its horizontal 
notion is not transferred due to horizontal roUixig of the 
roller in the box. The rectangular box moves vertically 
between two guides (h). Hovteients of the rod other tean the 
vertical are constrained by novirg it in a tefflon bush (f). 

The asa)litude of displaeoncmt of the (hence of the 
speciaum) from neutral position is equal to the ecowttricity 
of the pin. thus, anpiitude of displaeenent ipna be changed 
by changing the eocentrieity* It nay be noted that the vex^i- 
tttiCL notion of tee specinen end thus obtained is siaple harsttnic 
BO that the changes in velocity and accelermtioxi are snooth* 
SiapXe hamoxuin notion also provides a low strain rete near 
naximuB strain and high strain rata near neutrel position. 

Drive to tee disc is provided by an electrical notor 
throui^ a belt and pulley arrengesent. the dice is so thick 
teat it also acts as a flyidieel to anoethen the notion. The 
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apMKl of di«o ihsumn -^e loading froq^ttnoy) o«n b« ohASiEOd 
by oha33gl»g th« slao of tho ptnioy on th« ootor etMit* lUgitai 
eouutor la tsqoXoyttd to 3?ftglator th« niaabor of oyoXta. 

Ibo tvo noat laportanb parta of tbo oachim «Jr« doo-* 
crlbod horo* tboac are Urn dyxiano«tt«r axul the igteoJjMm 
bolder tbrou^ yixich its free end is moved* The speoiaMU 
holder has been designed such that the ideal loading eondi- 
tions as idiown in Fig* 2«3(a} oan be aehieved* Ihe ideal 
loading oozxdition requires that the point of aetion of load 
at neutral aatis of the speeinen ihould remain at a eonstant 
distanee from fisted end* even in the deformed poeltion* Loading 
at free end deforea the atraiiht apeoimen to a ewved shape* 

80 that the free end sioves tovards the fixed end* as idunm 
in Fig. 2*5(a}* thus to keep the dletenee of point of aetlen 
of lead ooastant* It should idiift aleng tho epeoimm length 
away from fixed end. In Ihe present design* the gseeinen is 
loaded by measui of two rollers* one roller eaeh f«r applying 
load in either direotion (Fig* 2.3(b)}* fo msiatalQ a fixed 
dlstanee of inter**seetion point of the load aetion lint (i«e* 
the line joining the centre of the load applying roller and 
loading point) and the neutral axis from fisted end* the 
roller* are peniltted to move over the specimen* to ^ift 
loading point* It nay be emphasised here that these rellers 
ihobld not squeewthe speelmen in the thlokness direotion 
(this promotes trenstex^ splitting of the speelmen) » introduoe 
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(b) 


Fig. 2.3 Loading of specimen 

(a) Ideal specimen loading 

(b) Loading by two rollers. 
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no bttzuiiQg at tht fi»* tnd» end no axled jtozwa i» produced, 

To satisfy liie first two requirements idien one roller applies 
load, the other roller should nose such that no squeezing or 
bending occur at free exsd. This can be achleeed by rotating 
both the rollers around loading iwlnt at neutral axis, so 
that the line joining the centres of the ^roller ressBlned per* 
pendlcular to specimen. To avoid axial force In the speelmen, 
the rollers rtiould roll on the ^eclMn rather than slipping 
on it. However* a saailaxlal force (Pg) is unavoidable 
because of the speelmen curvature as ahown in Fig« 2«3{h). 

The required functions of the holder has been achieved 
in modified design, Sohematle diagram of modified holder Is 
shown in Fig, 2»4(a) and Its functioning Is shown In Flg« 2«4(b}« 
Both ends of the rollers are iK^unted in bearings^ so that they 
can roll over the specimen. These bearing on both side of 
rollers are mounted in two plates keeping the s^paee between 
rollers equal to the tiilokness of specimen, These pistes are 
again mounted by means of centrally extended pins in two 
bearings idilch are nomted in a U type freoe* This frame is 
belted on reciprocating circular rod. The plates, on which 
rollers end bearing are mounted, can rotate along %rlth the 
rollers so that deformation of specimen could be eceoratodated 
wlthotjt producing any bending at specimen free end* The 
specimen holdw* with rotated rollers Is shown In Wg# 2*4(b), 
which clears! the fissetlonlng of the holder* the photograph 
of the specimen holder la given In Ffg* 2*3* 






Schema 
(q) Neu1 
(b) Tilte 




Hlg. 2*5* ap«ein«a hoXa*r. 
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The dynamamiMr had i^ot xnistad and itmln ga:ug«s 
had cone out* Tharafora tha dynaaonatar has haan alaanad 
and ohroadtiB platad. tha ehroioliM plating aas thin enough 
to ensura proper Xunationing of strain gauges* Four foil 
type aleotrioal reslstanea strain gauges (A produet of BiH 
^eetronlcs, USA, ?ypa FAK-*25-*12-56 EWL, length • 6*35 an, 

CF w 2.02 + 1 ^ , K » -*0,3 , Resistance « 120 0,2 ohas) 

vlth anchors tal)s have been wi^loyad on d^rnaafotteter and 
protected by nicro--acrylic vax coating from aovircanental 
attach* Ihe strain gauge positions are shown in Fig* 2*2, 
itselX, Ihe strain gauges have been connected to tom a 
Wheatstone bridge (as shown in Fig, 2*6} » such that the output 
of the bridge is proportional to bending nonant act tiba fimd 
and* 



Fig. 2.6 Wheatstone bridge 



outpiit of the bridge, 

^ ^ K ** *“ 

i^xore, 

V I ep3»lied voXtego, 

R I realstaxMie of gauge, 

^'e I the (idiaioge In the reeistame* of utredn gauges* 

The ehsnges in ihe resietanoe of strain gauges 1 and 5 
are added \xp and the ehanges in the gauges 2 end 4 are subtreteted 
in 'tihe output of tl» bridge. 

The Xoed P’ ^lied by roXXers on speoiaen free end 
oan be resolyed into tvo formes, a transferse load and an 
aaclal fores P^, aa ahoim in Fig, 2*7(a)* The taemseerse load 
P^ at the free tod restate in a traosyerae load P^ and a 
ttonent P^l at the fixed end, SiallarXy the axial load at 
tho froe end results in an axial fore* P^ and a nonent P^S 
at the fixed end aa ahovn in Fig, 2«7(t)« 411 the foraos and 

nonant at fixed end will produce separately a trOBseerse fores, 
a axial foraa and a nonent at tha horlsontaX araa of ootagonal 
dynanoneter as shoim in Fig* 2«7(o)* (d)t Cf) and (g)* 

The transyexn^ foreea will not produne any affect on 
strain gashes sinae an axial force will produce tfad atrasna 
in strain gauge 1 and 2 and the strain in 3 will be aoual to 4, 
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Rg.2.7 Dynamometer loading analysis. 
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they will thus cfoasel «a<^ other in the outgpect «JC bridge* thue 
there will be no efieet of any axial foree at horiaeoatal am 
of dynaiBOBeter on the bridge output* the bending noaent 
produced in horizontal aras by the fome P;j-aad the aoaents 
and Pj^9 are In the saae direction but bending noaumt in 
horizontal ama because of Pj^in the opposite direction and 

to each other* Equal bez^Ung Boawnt In o^^iite direction 
win produce, equal strain In strain gauge 1 as in 4 snd also 
equal strain in 2 as in 3, as shown in Fig, 2#7(f)* 2hey will, 
thus, again cancel each other in bridge output hence no effect 
of axial force Bending looaents in sane direction will 
produce the equal strains of opposite natures in strain gauges 
1 and 2 and slnllarly equal strains of opposite natures la 3 and 
4, Also the strains in 1 and 3 are of sane nature and also 
strains in 2 mod 4 are of sane nature which restdt in addition 
of all strains as output of bridge. Thus the force Py and 
noitents and Pj^9 effect the bridge output. As ^ is too i^«il 
as coBpared to 1, the tilt © is also snail which results in a 
nueh snaller force P^ as oospared to P^. Hence effect of 
nonent Pj^S on bridge output canh be neglected, 5hus if 1 is a 
constant, the bridge output will beoone proiNSrtlAnaX to trens* 
irerse load P^ and hence proportional to nonent at fixed end P^* 

Since ams of the bridge have actire identical ga^s, 
the bridge is autonaticaiiy tmpemture eoiqieosated* Ihus the 
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output of th« brlcigft Is proportiooal to ozily ths trs&svsrst 
load appll^ at fraa end of sp«claien« and henoe tha bending 
ttoaent at fisctd end for fijced speciaen length* 

In the beginning the bridge output was aeesured by a 
tetronis: 531 oscllloaoope with pli:^ In unit type 0* But an 
oscillograph vlslcorder was preferred due to high aensitlvlty 
and ability to record, Ihe dynaaometer has been ealibrated 
luilng a ttlid steel specimen. Increasing loads through standard 
weights were applied at a known distance 1 from fixed end. 

Bending imsment at fixed end was ealouleted from the geometry. 

Plots of the bridge output In strain unit are shown as a funetlon 
of transirerse load at fixed dlstanee from fixed end and bending 
moment at fixed ^ In Big, 2*8. It ean be seen that the callbrar- 
tlon eiirve la linear upto the applied load idilch are much more 
than the load expected during fatigue tests. 

Overall view of modified system is shown In photograph 
of Pig. 2*9* 

2,5 EXPERIMENTAL pROCHJORBi 
Modes of Loading and Control * 

Flexural fatigue tests have been performed on flat 
speolmeBs prepared from the material fabricated in the laboratory* 
The mode of loading was cantilever beam type. One end of the 
q^eoimen was fixed in the grips mounted on a dynmmiXMter while other 


1.1281 2.2563 3.3844 4.5126 5.6407 6.7689 7.8 

BENDING MOMENT (N-m) 

Fig. 2.8 Calibration curve of dynamometer 
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Hg. 2,91 An yl#w of tho tooting oyotov. 
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0nd was cycled between known displacement limits idth sero 
mean displacenent. As dl^lacenent controlled node is less 
damafiiSg as conpsred to load controlled DK>de, the istlgns life 
for spaclaens tested in displacement controlled is hieher» 

Ihns better and easier attidy of damage is possible with stroke 
control node* Howeeer, the damage mode or fatigtai failure 
nechanlsn is not affected by the Control modes [ 21 ]* The 
different displacement limits (26, 21* 18 , and 13 wb. etc.) 
were selected so that fatigue life varied from about a thousand 
to six lacks cycles* A niad)er of sp4N:imens (approximately 9 ) 
were tested at each displacements to obtain full scatter band of 
fatigue life* 

Specimen Diaensiont 

To obtain the correct value of flexursl strength the 
diaezmions of the specimen should be such that the failure takes 
place breaking of fibers aai not by interlaminar shear* Keeping 
length to thiekne^ ratio hi^* the interlaminar stresses can 
be minimized* But large length to thickness ratio requires 
large deflection at the free end %diich in turn developa unwented 
horizontal forces* Thus keeping both the things in mind Ihe 
length to thickness ratio has been kept iqzproadmately forty* 
Specimen dimensions are shown in lig* 2*10* 
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Fig. 2.10 

Sssmsm* 

Cyclic loading caitoes a heating of the duo to 

internal friotlon* Znereaoe in i^ociaon teip e y o turo is Isjrgor 

% 

for higher strain rate* However* it is negligihle whvsi strain 
rate is hdev a partictasr lerel [2X3 . Shereas for seme stain 
mte* teoperature inerease is hi^er at higher strain s^^ilitude Cll]< 
Thus, the rate of cycling has a strong effect on the lew cycle 
fatigue life Pereas the effect is less pronounced st higher 
nuaber of cycles [l?]* althoi«h, fatigue failure e^anlsa is 
not affected hy the cyclic frequency [21]« Therefore* low 
frequenc|tts hare been used at high cyclic straJHis and high 
frequencies at low cyclic strains, it hig^r frequencies it mA 
seen that the daaege occurs away frou the fixed end instead of at 
fixed end* Thus frequencies have been chosen suih that the 
danage occurred et fixed end* Howevert due to eaqperixental 
linitation» the frequency at highest displa c ne int (i«t« 26 an) 
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Ms kept as 5 i^s, svsn thou^ tJis dnsage ooourxnA slightly 
away Xroa Xixad and, 

pBaaaa HaasureaMmti 

*[!ha aharaetar and aztaat of intamaX davaK* 
stxillad tsy Invastlgators using dlffarant aatJiods. Optieal and 
aXaetron alSTosoopy are title direct aotbods*. lkHMfti4rtEruatlve 
inspection techniques are now being developed ferdateatlon of 
fatigue daaage. These techniques include ultrasonic » holography 
interferometry, X^rey rediograjaiy and aeoustlo eat salon etc* 

Chaisge in stnicturai properties such as static or dynamic modulus y 
residual strength, stress, strain «tid temperature during fatigue 
loading are also considered Indicative of intexiuiX dsaags. 

Internal eracklng resiilts in tiie lowering of the stiffness and 
strength of oompositds. Taniaoto and Aal^ina C9»30}, Agamal and 
doneda [19* 20] and doneda [ 18 ] have xelated the changes in 
residual strengih and modulus to the developHsent of creeks in 
composites* dally and Agarwal [7] developed a quantitative 
relationship between fatigue secant modulus change and crack 
density for composites. Many other investigators [ 10 , 11 , l 4 ,lfik 21 ,aS 
were iumkI fatigue secant modulus degradation as a measure of 
damage. Cessna et.al. [ 16 ] and Kia and Bhert [Zl] were perfcmed 
constant deflection flevural testa monitoring the load decay 
(proportional' to modulus decay) with cycles* 

To mMsure residual strength or modiaus the taoperiments 
have to be stopped or discontinued in. between whereas fatigue 
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»«}ant sodxilus can b« aonitored without intorn^tiitg the 
ojcporlfflints* thu» bending aoa«at (proportional to aodultm) at 
the fixed end vaa aeasured by oeana of the dynaaoMcter and 
was recorded in a viaicorder at desired intenrels without 
interrupting the fatigue teats» Ihe point, at which the 
fatigue secant eodulus reaches the static secant aaodulus, has 
be«a considered asfVacture point* The eaqperiawnts 'was disconti- 
nued at that point* Microscopic ejwadnation of a qpeciaen was 
done in few steps t9»to final fracture* 




CHAPTER 5 


RESULTS, AlUkLTSIS JfiD DISCUSSION 

lovestlgatioQs have been eazrried out on £tvl«i* faAtint 
roiniorcoA tposy resin laaiziatts Abrii^ted in Him laboratory* 

TJse ilexural tatigue testa wrs parforwad on flat apeoiocna* 

On# and of tbt apaoioen ma fixed while the other end waa 
eyeled betiiwen known dlaplaceuint liMita with aero amn die- 
placeaent* The different diaplacement liaita, naatly 12, 13,18, 

21 and 26 am. etc. were aeleoted so that the fatigue life yaried 
from about a thousand to a half adllion cyolea* 

Since the diaplacesMnt to the free end of aiteoinec was 
given by a eocentrlo pin rotating with eonatant ^pted, the strain 
oyole was ainoi^Ldal ag ^vn in Fig* ^•l* The fatigue atreaa 
cycle Is aisllar to the strain cycle* The Mximm streas and 
atrain haW besn referred to aa fatigue atreas and atrain res» 
peotieely* Theae are also equal to the stress and atrain 
eBQ>litudea, beoauac, in tha present fatigue eyaxing loctwai 
defleetion on eliiier aide of aero aean defleotion is the sane* 

The alnlauB atrain,therefore will beequai to strain aa^litude 
but with an opposite sign. Ihe strain and stress iiQ>litudea 
calculated by aisple beaw theory and the fatigue life, obtained 
are given in Table 5*1, fbr ea^ spesiwm* The bssdiwg ttmnt 
at the fixed end was seaatored by seaas of a dynsaonstar and was 
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6mQx • Maximum strain 
£min ' Minimum strain 
: Fatigue strain 
6 q : Strain amplitude 
• Mean strain 


Fig. 3.1 Fatigue strain cycle. 
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Specimen width, M ^ Bending moment at fixed end 



re<»ord«d at daslred lotarfel# wltfaoxrt; lnterri|;rti,ng idbta fatlgu# 

t 

tests* Ihe fatlgtis secaot aKXiiatis is the modulus at the 
maximum strain point (i*e* the ratio of maximum stress to 
maximum strain)* It is eaiculated tron the bending moment 
at the fixed end of the ipeclmen by simple beam theory. The 
lecant modulus for the first cycle is given in Table 3.1* 

The reduction in fatigue secant modiilus is taken in 
as a measure of damage in the present investigations* It was 
proposed to develop a damage model which represents the damage 
cucouatfLation in the apeolaen with the number of eycles. Most of 
the damage models proposed In the literature re<xuired the damage 
and the nu^er of cycles to be normalised to make the model 
siiqile. Thus the fatigue secant modulus* monitored during 
the tests* has been nomsllsed with reepect to diffez^snoe In 
the fatigue secant modulus for the first and tlm last (H^) cycle* 
The nvoiher of cycles have been normalised by the fatigue life* 
Mormalisations have been done so that both the normalised 
qtiantities varied from xero to one. The normelimed fatigue 
secant modulus is termed as normalised damage in the present 
cork. 

Hormalixed damage* 


Ej(l) ^ S^(N) 


( 3 . 1 ) 
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£j^(N) I th« fatigiie secant a»dulu9 at K inaiber of 
e3rcX«»» and 

Vi^ I Ntnber of cyclos to failure, i*e*, fatigue life. 
Nomaliaed ouatter of cycle. 


“nor " <3.2) 

The norttallaed daaage has been plotted agalnat the mimar 
lized ntad>er of cycles for specijoeas at each dli^aeei&ents. Four 
epeeineiis at 12 ms displacement and three at 1? ms vere plotted 
jointly in Fig, 5,2, Nine iQwcimena, each at 13« 21 and 26 »s 
dlsplaoeaenta, were plotted in Fig* 3*3 to 5,5 roi^jettlirely. 


The fatigtie life has been plotted on Log scale against 
the nomalized fatigue strength and the nomalised fdtlgue strain 
in Figs* 5*6 and 5*7 respectively* 


Normalised fatigue strength, 

rr^ Ci 

"^nor cTu 

where, 

cr^ I fatigue strei^th 

a-„ » static flexural ultimate strength* 


(3.3) 


Similarly, normalised fatigue strain, 


£ 


nor 


atoere# 





fatigue strain, and 

I 4,^4. d 4ll M IM ih I. I ni S •.k 


(3.4) 
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FI<5.3.7 STRAIN-FATIOUE LIFE CURVE 
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lb* «rit«riotk msd tta* tdmiy of tho 

wpmimn hos l»«tn gluon In tho zioatt oootion# tho ^MnrtlepMOut of 
^0 dMMgo aotfol Olid ta* aaalytleia mdtix for prOk^iXity 
curvo h«o* bom ^oeriboA Xobot In tbo nojct to noxt toftion^. 

3a mCTURB KBCHAHISKt 

Ilho failuvo Oxdtorion o^iOiltd io m loiporfeiiit oonoldorotloa 
in tho doaifo propoKotion plftto (Figs* 3*2 •* 3f5)* SoXkind [x] 
soggtotod tfaot lor ooigsoolton fotlguo toot doto obotild bo 
xopertod in torso of tho ehsngo In otiffnooo for noid>or of oyoloo 
rtttlior thsa fmturo* A otmXl oboiigt la stlffnooo nsy doflao 
tho fsiltir* la ttlffnoos orltloai «ppliiotlaas» such so springs 
sMroso la losd oiritlesl i^Xioatlono, onoh o« to w oloa oolfUo* 

1^0 load doosy bolow a posetiovUmt Xorol or oosvdjtto iwporstlon 
asy bo tbo falluro» Many Isrostigstors C6«Xd»20} hsto uotd tbo 
•oparstlott so tho orltorlon of fsiluro* bhiraso ooat othors hsra 
usod s psrtloiasr Xoos in otlffnoos s« tho orltorloa of fslXuro* 
asMiXy 15 % by liMroa (173* Sins sad Brogdoa Clf] oatondod tho 
tosb»Hill fsiluxo eritorloa for otstio toots to fotlgi^ toots* 

Hshn sad Kla [ll] first ststod that faiXuro oooirs ohoa tho 
fatlguo aooaat asdOIiis rodusos to vlthln tho rongo of the statle 
ooooat aodtilus* 0*Brloa» ot»ai« £25] doflaod a ooo s at aoduius 
foiXvdto orit»rloa booed on tho otatoooat of Saha and lUa £Xl3« She 
eritorloa Miy bo otatod as tho failuro ooouro ohoa fotlg^lo aeeaat 
sodaius dogrodos fre« its Initial taagont oodxOas to tho statlo 
ooosat MOdulas. Hooog sad Bsha [353 have gitoa a Otrain failure 
Critof^a for tho load ooatroUod aodi of loodiagf obleh is doflaod 
00 tho fSHoro in a aotorlol oeoiars ohen tho fatigao roaultsnt 
strala rooohto tho ototic ultiiMto strata. 
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For «trok« controlled mode of loading aecant iBodtO.ua failure 
critorion ia found woat suitable and has been used as liie failure 
criterion in tbe present stupes • A schi^tio jMflprtsentatlon of 
this criterion (for the stroke controlled aode) on stress-strain 
saces is showi in Fig. 3«8» 

Curve ABCa represents the static test stress^stmln curve. 

AB is the elastic defoiwation and D is the fracture point. Ihus 
the lOope of line AB represents the elastic aodulus or tangwit 
sodulus and the slope of line AO represents the static secant 
BOdmus S ^ ^ the stress and strain corresponding to fracturv 
point, B, are ultisste tensile strength* 6^, and ultlsate strain, 

I 

respectively. In fatigue cycling tor the first one-fourth 
cycle stress-strain curve ABC follows the sane static strese- 
strain curve. 

The first cycle is represented by ABCKfO* Qie slope of line 
AC represents the first cycle fatigue secant sodiOLus. the stressee 
end strains at C and F are saxisusi and siniBUB in the cycle req?eo- 
tively* In further cycles the strain lladts reasins the aaaw as 
the loading Is stroke controlled, lAereas the »axi*nsi stress conti- 
nuously decreases with madder of cycles# thus the cycle P<StST for 
iddch aajcisuB stress (Point T) falls on static sscant sodulus line 
ad (i.e. uhsn fatigue secant sodulus reduces to static secant 
modulus) is considered as cycle at faUure. It sen be observed 
fnwB the saae figure (Fig* 3.8) that the hysterlsls loop Is widest 
for first the cycle which goes on narrowing with zasaher of cy<^ea 
and ultiaately beoose stable after few cycles* 
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that th« ;fatigiie •eoaat aoduXiu «t flr«t 
«ycl« 1« !«•» than artatie tangant aodulusr «tr«ia 

«ittplitiid« i» vlthis static proportioaol lialt# It ««y t* 
bacauM of stwiin arato in fatiguo toots* tbo first oyclo 
fstig\ift sooant aodiaus is low for high strain sospHtudos, 
beoauaOf for high straiiis» tho astorial goes into plastic r«ng« 
in first oyolo Itstlf* Hormsiistd dsssgo has boon eoloulotod 
oonaidoring first eyolo fatigno sooant soduLus thoroforc* tho 
dasago occurrod in tho first oyolo is not eonaidorod in dasaga 
propagation plots (Figs, 322 to 3*5)* 

dn oxaslnstion of Figs, 5,2 to 3*5 shows that tho normalixad 
dasago propagotlon is dopandont on doflootisn or strain ajiqpXitiilo, 
Tho osporlMontaX points In tho figtiros show that tho domogo propa- 
gation can bo diwidod into throw stopo» naaoly tho dsaogo initial 

ft 

tion stsp (Stop X)t stoady dswsgo stop (Stop 22) ond tho dawsg o 
propagation stop (Stop III), 

dll tbo throo stops aro oloarly vlslblo ond «an bo distin- 
goishod for 18 sad 21 BB dis pl sc ow onts (Fig* 5a5 and 5ft^ rot^pootiYo; 
For lowor displsesMUts of 12 and 13 tm (Fig* Stop III is 

fo^orstivoly isrgor and Stop II is tfuOlor* 9»t hlghor displaso- 
tttfxt of 2d SB (rigt 5#5) Stop I is ooiQMUcwrUti^ Xaxvor and Stop II 
Is snallor* It is also oloar tvm tho flgwros that tho daaago 
during Stop X is Xmmv for lowor dl sp l s o o Bonis and highsr for 
highor displaooBonts* Mora os^lorstion of figwros roroala that 
tho poriod of Stop HI is BsaXior for highor djU^lsawnaonts ttid 
lavgor for lowor distlatoBint* is tho dtwogi in last cycloS 

ia suidon for high^ displaocBoata sad of a pxdgrosaiwo naturo 
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for low dl«piaee8umta« 

loitiAi desftgo (duriiig Step I) e«Q fm HEMlytcd as 
follow. Booaoll [5] has sbowzi that for Ksvlar-49 fibers, tho 
bystorssls l^p is wide enough in the first fev cyoles which 
heooaes narrower and stable after-ward. In these first few 
cycles 0*21% plastic strain deforsation occurs* It was expo- 
rienoed during esperieents too that the teaperature increases 
in first few cycles and then stabilises* IfedulTai of the fiber 
decreaitts with tesperature increase (0*2 GFb/^C spproxioately 
for the range of 25® to 50°C [463). ^ua firstly because of 
tespermture increase and plastic deforsation in first few cycles, 
fatigue secant nodiaus decreases l*e* daaiage Increases. Ute 
tsfl^erature inertaae was larger for higher strain asplltudest so 
the Initial dsaege is larger for hl^cr displac ew e nt s* Secondly 
some wolds are always present in ooaposite idaich work as stress 
concentrators in the BSteriai* Ihese stress eoxicentreters nay 
be relieved by cracking of hi^3ly localized stxessed eatrlx 
within first few cycles after iMch daaage rate becoiws slow, 
thirdly the initial daaage nay be due to Indiwiduel fiber failures 
restilting froa statistically distrlbtited fiber strangth* Initial 
daaage way also be due to dabondiz^ In early cycles as described 
by Owen et.sl, [6] far glass fiber ce^pesltes. However* no. 
surface daaage was observed under aicroscopis elimination, in 
Step I. 

It was observed that aatrlx cracks deai^ped on the surface 
of speoietn near the fixed end in steady dsnsge step (Step ZX) 
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r«nge* Mlerosooplc taBaBination «how* that ao»t of th* cracks 
w«r« at th® crest of flbar stramls* In som i^aeciascs the 
cracks are ejffctly at the fixed eaad in a straight transverse 
line, diereas in some other apeeioiens It Is scattered to a 
distance of 10 am away from the fixed end as shown in photograihs 
of Fig, 3,9, 'the x^aon for the difference wiy he the diXf eroace 
in grip pressure# There was only a slight reduction in modulus 
even after these matrix cracks had developed over full width of 
specimen# Because of this wry small damage occuring In Step H 
it is termed steady damage step# 

Aa the specimen enters into the damage propagation step 
(Step III) from steady dmeage step (atep II) a ausiber of fracture 
events occur, as follows, the matrix ©racks in resin phase and 
dehonding around th# transverse fiber strands hacre oeoured in 
early cycles of dfcep III which w«p* propagated alssig lengttudlnal 
fiber strands in liter cycles as dicwn in Fig# 5»1.0* the ma^er 
of these eracka Insreaeed in the neighbourhood of fixsd <W»d with 
nurt»er of cycles and took the form of amall delamination of sise 
5 10 mm, which results in a fast degradation of modulus* ®etar- 

mlnatlons were confirmed by ultrasonic Haw detector# ftcfeenslw 
Study by OTD mey be carried out in future* 

Mereoveri it was observed under polej’ieedi^ light in a 
microsoope that the fibers under the matrlm*«re«ks on sux^aee 
dewlcped in »tep H, were broken out and even smic fiber ends 
out frwi cracks, as shown in sindiematie Flg^ Jl^tlCa)* 



3ii9l fjAtrix erack on ajMiolMn stcrfoo# 
(In ytyalgnt lino «tt flacod acuL and 
oticttorod noar fisoad and)* 
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M - Matrix ; L - Longitudinal fiber ; T-Transverse fiber; 

C ~ Crack in matrix ; D- Debonding 

Fig. 3.10 Schematic diagram of crack propogation in 
laminate (the sections are parallel to load 
direction ) 

(a) Matrix crack in matrix and debonding 
around transverse fiber strand 

(b) Propogation of both cracks along longi- 
tudinal fiber. 



Fig. 3.11 Schematic diagram of fiber breaking in 
laminate (the sections are parallel to 
load direction) 

(a) Fiber break at the crest of the fiber 
strand 

(b) Breaking of fiber going under the 
transverse fiber strand. 
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It w» M«n th«t bi»«Aua« of touvolutiott of tho flb#r 
gtmid*, th* flbor atraad goija* twdor th* txwurforso fUbor 
stsrfiBd ufor* brok«n ait the b«Bd and aam upvsufd tnd wmt wan 
at th« Itiral of tranav**^ fibara* as shoan la llg« 5*11 (b) # 

Ifea braaklas of thasa faw flbar staads iadudas ■Uui idiola outer 
layar to brsak draiwtloally, Thm outer layer MleUra greatly 
reduoes the aodulus resultlfig in auddea daaage iMish Inereaae's 
\g»to the final failure k The oiitar»layar break aoae tinea aeeta 
the delaaination near the surface and then the dgUMdnation 
part ia eruahed in eeapreasien eyelea* It uaa seen in the 
Static tests that the yielding first took place In the eoiq;»re8- 
sion side thus in fatigue It nay be possible that the danege 
occurs, duo to cotsiression yielding and buckling of fibers* 

3«S BAHAGS MDQKL »TKU»WfTt 

A nuaber ef investigators have studied the progressive 
nature of the damage in fatigue of oomposltes* Bmm investiga> 
tors [9» 1^21] studied it fuelltatlvely vh«roas many others [7» 
22*36<*58] studied it quantitatively and developed tho different 
damage nodela te predict damage eoeumulation dtarlag fatigue* 
Hwang and Han C58] have eritieally reViowod available 
damage nodela* they haw also proposed few tmi models* 

2n general fatigue denage of a naterlal depends on nuaber 
ef a mat^iad d epends ^ muSber ef fatigue eyelet applied stresa 
level* oyoXie frequeaeyt taaparatiTi"e» moisture eonteit and 
geometry of tho epeoiMi* etc* The damage earn be written in 
a funstional form as* 
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F(K, cr^, R, f, T» M, ... ) (3^5) 

I ntafl?#!* of fatiguo eyolo* 
t fatlguo fftrsta, i.e. c^laox* 

I atroM ratio, 1*#, 

» cyclic froqutaoy, 

I ttiqparaturt. 
i Bolsture eontoxxt, 

I Maximal strata in fatigua cycla, 
t Minimal strags in fatigne cycla« 

As a first approach th* affact of fraqumacy and emrlroiir-' 
mantal conditions ara naglaotod. tha fatigue strasa ratio, R 
can b« taken as constant («« *- 1} for the prasant study* Ransa, 

D « F(M*cr'P (5,6) 

As fatigue stress, cr^ ean be esqpressed in tex«s ef 
fatigue life, with the help ef »-« curre. V^b mmiber of 
fatigue cycle, R* can be noxetalixed by to simplify the 
fuKMtion, F* Thus danage, D, can be expressed ss, 

R s ^^**iief^f^ ■ 

ehere, 

K m f v'H« H,>) 

The funstlon, F, have been suggested }sf a nadier of 
iiwestlgatorg in dlffere»t font. Out of ehioh fev hsve been 
tried far present dSMSge a s cuM u l st iep and the Fbag*s equation 
£36,47] with sods Modifleation is fsuad best stipOUsable* Fong 


D m 


vhere. 


N 

^f 

R 

f 

T 

M 


max 


'^nin 
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o / 0 



Q 0 


( 3 * 10 ) 


Mqmtloa 5»10 Is a single vsrialJls s<{uKtio&* Sliqplieity 
Of the equation is the reason for 

nozmliaiKl ina^cr of eyolos such that they Tsxy frost zero to one* 


It uas fO\ssii that this BK>4lel does not describe the initial 
daeage oeouring during fatigue* Thus it vas necessary to edd a 
tera in nod«l uhioh takes initial dastage into aoeouat* Xt was 
seen froa deaage esciatUlatlon plots (fig* 3*2 ^ 3*9)* that 
the initial dsnsge had nonotoBi«e3ay deareasipg deaage rate 
whereas rest of the dsnsge had aonotonieaXly inereasing deaegc 
ratee* thus an equation siallar to Eq* 3«10 but replseing both 
daaage, D* and neimslised nuaher of oyeles* ty their eoxr* 

^ugatest is added in Eq* 3*10 with soae weighing constent* the 
final daasge aodel will be. 


D 


A ( 



* (1- A) (1- * j 1 ) 

2 * 
e - 1 

(3*n) 


where, 

©i# Og, A t constants* 

The constants were found out by fitting the aodel to 
esperiaental points by ainialzlng warianee through Peif«l*s method* 
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Th« tor *ach XatdLgu* strtas itparataly 

and aiioim in Figa, 3*2 3.5 alongwlth th« •9Q»«rlmrtal points. 

2h« natuno oX eunrta «nd reChms of coaatanta Ojl* and A In 
Fig* 3#2 » 5*5 claarly ahow that thay dapand on Xatlgtia atroaa* 
Although* dua to aoaitslty oX data It la isot poaaihla to Xlnd out 
tha daXlnlta ralationahip* tha trend aettia oloar* lha eonatant, 
0 ^ Indinataa tha aonotoninaily inortaaing denage, rata, 

incraaaea with tnereaaa in xatlgua atraas. Aa a^ dioraaaea* tha 
daaaga propagation baooaaa nora gradual* fbr lav fatigue atraaa* 
daaaga propagataa nuch gradually iiharaas it propagates suddenly 
in last Xev eyolea for higher atreasca* the oonatant* ^ 2 * vbieh 
Indlaatea the Bonotonioally decreasing daasge rate* decreases 
eith increase in fatigue stress, the eonatant A* ehish la the 
weiring function of nonotonieaiiy increasing diswEiga rate tern. 
dMartasee with fatigue atrtas i.e. the initial dsesge is larger 
for higher atreasea* It was also observed that this daasge 
eodel indlaatea the daeage aecunulaticn quite well for alddle 
range ef fatigue stress (i.e. 18 and SI mi diqplsaeseBts) whereas 
It deviates slightly from the esperinentai points far lower and 
higher fatigue atreseea (l.e« 12 and 26 am reapaetlvely) . 

5*3 PROBABlUtt S^N CmVEl 

The norealised fatigue strength and fatiges strain* as 
already defined have been plotted against fatigue life on a seal* 
log gz^aph paper in Figs. 3*6 and 3*7 respeatlvelyt the nature of 
the curves is as expected i«e. fatigue life Insrtasea as fatigue 
stress or strain decreases. 
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In general fatlgua to atotlo stirongth vntlo (!*«* 
nomalixod tatigu* ntmgth) «an be •xprensed «« loHbvs, 

^ m F (H., R, f, T, *.* ) (3*12) 

vb»r^f 

(T^ I fatig:ue «tr«ngth, 
i static strength, 

I fatigue life, 

R I fatigue stress ratio, 
t I eyelic frequency, 

T t teiqperature* 

me funetion F has to be eeaXuated esperiisefitarLy, It la 
i^reforOf neoessazy to siepllfy the equation to aaRe it appXi*- 
oablt to design analysis too* For this purpose negleeting the 
effect of frequency, f, and tenperature, T, end tshlng fatigue 
stress ratio ^ R» a eonstant (« *-l) for present studyt the Eq,5*l2 
reduces to, 

* F (N.) <5*15) 

The nature of 'tiae function, F, has been suggested by a 
nusber of investigators [7, 8, 10-12, 55 , 36 ,§7* 3 to deei^dp analyti- 
cal BKjdel for 3-N curve* However, it has been obseorred that the 
S-N cuive of cosposite nateriais con often be represented by a 
linear law with fatigue lift on log scale [7f8#llif 
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^ * m ( 3 * 1 ^) 

B, b I Bdnstaitba* 

Anotbttr uwfiA r«3.Btioiu^lp to r«pros«ttt fatigm data 
la a power law ClO,ll], 



b 


(3,15) 


%^r» again, 

a* b I other conartanta. 

« 

Equationa alnllar to Bq, 3*14 and' 3*15 a*« written for 
fatigiw to atatlo ultl^te atreln eatlo aa. 


*u 


n logj^Q Ujp ♦ b 


(3.16) 


and* C®^) hJ* » b (3.17) 

*u * 

where, 

t fatigue strain (l«e, nazlamn strain In fatigue oy<OLe 
a t statip ultlnate strain. 

In the Eq. 3*14 - 3.17, the eonstants a asad b are not 
tmiweraai constants. Hence they are foxiad eiflpertaentaiiy. These 
equations are fitted In experiawntai data by regression analysis* 
The values of constants and the corresponding curve fitted are 
shown in Figs. 3.6 and 5*7. The curves fit qclte well. 
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RjcaalnatlAn of S-N ourwa ra'wals tiiat Idii analytical 
awdals fail at static strength or ▼♦*7 lew cyda fatigue 
rang* (li^ < about 200 eyelash as it shove fatigue Btstagth 
acre than static strength. It can be explained far eoapositas 
from the fatigues daaage consideration vbich is wore critical 
for lev cycle fatigue [l]. Fatigue strength of eoiiposites Is 
acre sensitive to strain irange and slnoe daoage in static 
tests is also progressive^ the high fatigue stresses night 
produce thst inish daoage in first cycle itself that it will 
result in final fraotixre vithin further fev cycles [lO] • 
Moreover, it should be noted that the strain rate was ouch 
higher for fatigue tests than static tests* Ottt should eoqpeot 
higher values of the static strezmrth at the higher strain 
lete [ 10 ] vMch voUld have the effect of oaking the S*»N curve 
tterrect in low cycle fatigua range* 

A ouch higher fatigue life at lover fatigue strees* as 
observed frea 9»K curve, can be due to the fact thst these 
stresses reeains in linear or elastic stress range* thus a 
very fev cracks develop in first cycle that any not be atcunu- 
lated to failure for the fatigue stresaes belsv a paarticular 
level* fhus beiev that fatigue stress the analytisal sodd 
vUl again fail. 

An isportant feature of Fig* 7*6 and 7*7 la *^0 observed 
scatter of the life at a given stress or strain lovel* laoie 
the extent of scatter varies slif^tly fron on* stsess level to 
another* It approxlsKtely anounta to about doul^ of the value. 
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for glass f ibsr eoapoaitas it was obssrwd to a)»out on* 
ortiar of magnituda by most of th« investigators* Ihe scatter 
data for Keylar fiber ooas>osit*s are rarely available* Minar 
et»aCL* [33 shown a auch large scatter for Kevlar and therefore, 
I.\d>in [46] baa ax^ggeated that a large miaiber of j^pecinena 
should be tested* But the scatter found in present study is 
quite small, which also resulta in reduction of suaber of 
specimen tested at each stress level* 

The reason of ecatter as found by many investigators 
[14,153 dre, 

1« Hig^y anisotropic natisre of the eoepcadtes* 

2* Bat«h»to«*hstch variatiim of resin* fiber and sislng, 

. 5« Local varistion of resin cure* resin o^nctent or fiber 

distribution, end flb^ orientation within a piece* 

4* Pieee-tCHpieee variation due to reain flew* air bihbles* 
wrinkles, fiber ^Joints. 

5* lUffertnee in environmental conditioxis as temperature 
(elevated tesperature magnifies the scatter}* mi moisture 
content* etc* 

For prewMst study the possibility of bet^h-'toHbtatoh 
variation is elemlnated by taking all the specimen at a stress 
level from one lmidnate« This may be one of the reasom of small 
scatter* obtainetl* 

The fatigue stresses said lives whi<h are ebtained by 
analytioai models (Iq^s- 3*14 - 3,17) ajv the beet fit to the 
values contained in the scatter bend of the test results. These 
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imluts ar* for a probability ol survival of 50 paraent, so "Uiat 
half of ths population will sturvlva and half will fall idien 
st&jtoted to a partioular atrass leval. SIxdos auoh higher 
probabllltiaa of survival ar« ganeraliy neadod to avoid falluros 
In aotual struoturts^a statistical aiuilysis of tho tost results 
is oonducrted. 

Oifformt lavostlgators have estlaated the data scatter 
asauBlng different dlstributions» such as log nonasl £6,14] and 
Wtibull [ll,l2,22«-24*36f^.] distributions* Host of the investi- 
gators found the two parameter WcibuU distrlbutims as the best 
distribution for the fatigts data analysis* The three paraseter 
VeibuU distribution has the difficulty of having negative 
position parsseter i*e« possibility ef getting negative fatigue 
life idilch is not possible* %us present scatter In the life 
data is analysed by two paraneter WelbuU distribution^ 

P(* i 3C) » 1 - esp [ * 3 (3*18) 

whsref 

f • . unreliability or probability of faiiiirel at X i,c. 
the prc^ebility of a randon variable* x* being less 
than a psrtisular value* Z* 
a t ihiqpe paraaeter» 
p t aoale parasiter* 

it is observed that there are several waya of analysing the 
data wi'tii the VeibidLl nodal by aeleetii^ the rendoai variable* x, 
in different [11*12*22,24*36*^]# One of nay* deacribed 
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by H*ba and Kin [13.] and »t 5 >p 0 rt«d by jSiaa at.ol, [12], oelectod fo: 
th« pwsant analyala ig «a follcwi, 

I 

* ■ “f».r ‘ <3-W) 

idiara, 

HOP * fatigw Ufa, 

t iKtlgvm Ufa, 

^ I tbooreti^ax y«ti«ut XXX* pr«dl«ttd fron ona 

oX th« 5*14 - 5*17 tor a portiat^ar otrtaa 
or otroln. 

Thus Kq« «an bo rewrltton a«, 

P •• 1 - «iq> C * ( )® I (3*20) 

ohajpo , 

P t probability oX fatlgtao UXo being shorter then 

at the partieuler stress or strain Xor idiieh "f th 
is oolotasfeed* 

Frott nsrBsllzod fatigue life, the sihs#e end aoaXe 

peraaieters ean be estimated by sinple regression snslyals* This 
tecbnlqte requires an essigmsent oX niaMtrical ynluis oX (called 
the rank) Xor each esperlaental point Qicre are BBuay 

ways oX making assignBMrnt, but In this study tiie median 
rttciJic method, as used fiy Chou et.ai* [42], is used, here the 
experimental points, 8^ 1 ^, are ordered xrosi iLouest to highest 

and liitn esperlmental P^ is assigned by the ipproadmate median 
rank XormCla, 

P. * . i « 1*2,,,., n {3.a) 
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n t total mnil^ar of ^aziaaotaX points* 

la using llnoar rograsslon tbo Sq* 3*20 oan 1 m transforsad, 
by taking tba logarltba ti«lea. Into tha fonit 

ywax^alnp (5*22) 

idbora* 

y *• In In (^^) ■* (3*24) 

For aaoh asparlaantal tha eo:rr«iponditig valuas 

of x^*s ara ataluctad by Kq* 3*23 and for oaoh aa^sdaontaa 
rank aalua* §9cp*TimmtaX.jj^*ti art ayaluatod fnw Bq* 3*24, 
tha thaoratleal yaluas of y^^asaoelatad with tha thookotloal 
dlOtrihuUcm (Bq« 3*20), la eyaluatod by Kq* 3*22 at aaah 
axpoHjMBtal a^*s« tha dlffaranea y^^^ * y^% idtloh roprasants 
tha arror^ Is squsrad and sianad ovor 1 as* 

This stm of tha squara of arrors la than alalalsad* by 
fomlng tha two aquations, 

'3t?/3a > 0 ( 3 . 2 () 


n 

2 (y|_ 


1«CL 


n 

I (y^ 




a Xj, - o In 


( 5 * 25 ) 


and • 0 


(3*27) 
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Solvlag 'fcb>«fr tw yields the two cadmoiai 

par«BOt*rs as. 


« 



( 5 . 28 ) 


n zi 

a X *1 ** * 

^ * 0jq, (5*29) 

tk a 

Although^ the iduqpe pemaetei't a» my tiiaiige with the 
ftttlgue stress or stzedtt* due to Hsited madier of eoQNirlBeaatal 
points at each stress or strain leveXf a is asstasid independezit 
of fatigue stress or strain* the data at earions stress or strain 
level can«then« be pooled to estimate single sha|>e and seals 
paieeeiers. 

The esperinental points ^*9 and f^*s are plotted in 

Fig. 5*12 eleng wltii the theoretical outre (Xq* 3*2o) associated 
with fatigue stress power law (Sq» 5.1^)* Bie '^leoretieal 
distribution curve is foisid to be fitted quite wsll* which assures 
the use of VeibvOl distribution, ajinilsr curves associated with 
Eq, 3.15 - 3*17 can be drawn. 

Conmionly it is required to find out the fatigue life 
eorrei^onding to aoue fatigue stress or strain with aowt proba- 
bility of failure: . It is* therefore* required to draw a P-3-il 
curve on nomalized fatigue stress versus log of fatigue life 



NCff^MAL-IZED PATIOUE LIFE NTx'NT t.H 

FI«3.3.1Z CUMULATIVE PROBABILITY DISTRIBUTION 
CURVE C SYMBOLS ARE SArEI AS IN 
FIG-3. ^ 
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coordinate ktaplng probability as paraavtcr# A aurva 

for fatigua stress poijar law (Bq, 3*14) corralatiag Fig. 3*6 
and 3*12 la drawn la Fig. 3*13, for tba Xiwa parobabllltlas of 
failure , naaaly 1, 10, |0, 90 and 99 paz^ant* 

3,4 CONaUSlOHSi 

1, Tha Kavlsr fiber coi^^osite laaiaatas eaa be sactionad 
with the help of a fine toothed natal slitting H*3*3. cufetar 
using slant side iKt teeth at high a^teed with plenty of water 
as coolant* 


2* the aoctmuiation of danage of Kevlar fidurde relnJtorced 
epoxy eoapesite in fiexurai fatigue sen be divided into three 
steps, the danage initiation, steady danage, and the danage 
propagation, Althoufld^ the danage aomaiiilatioii dspenda on 
fatigue stresa or strain, it follows a deflnito trend* 


3* the danage ascmulation can be predlntnd ipproxinately 
by a danage nodel, consisting of two terns, a nonotonlcaily 
increasing danage rate tern and ^e other deoroaslBg danage 
rate as follows, 
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S^CN) « fatlcu» se«ast nodulus «t N nuniNtr ejelas, 

I iatig«M> Ufa* 

^aor * nonwliaad manbar of oyclas (O ^ 

. (i^iy(Nf-i) 

0^ I Constant of aonotoniaally JUioroaalac ttoaaga 
rata taro» 

0 ^ I conat&y yt of aonotonioaXly daaraaaliic daaaga 

rata tara» 

A t wiii^iiBg eonatairt. 

tha e<mat8iits ^ dapaod on fatlgna atraas 

or strain and hata to ba dataznlnad m|»ariaantaXiy« 

4* fha S«M ounra has baen raprasantad hf a linaar lav 
batva«& althar of noraallaad faticna strass or strain moA 
logarithn of fatigoa Ufa* 4 sUi^tly hattar rapmantation has 
haan ebtainad by powar lav b at v aa n althar of laonnll^td fatigna 
strass or strain sad fatigna Ufa* 

Tha saattar in fstigw llfa has baen asMUysad by tvo 
paranatar VaibhU. distribution and data at oaoh strass laval 
«an ba pooled by nomaXlsing tha fatigna Ufa vith thaoratioal 
fatlgua lifa at tha particular strass laaal pradlStod by analy^ 
tlsal nodal for 3»II ounra* Iha S»N curaas at dStWiermt proba^ 
bility haoa baan drawn with tha halp of folloving agnation* 

P - 1 - iiV [- ( )* 1 


m 


^*h«re» 

fior ’ narmlljwd XiJTt 

•* V^f th 
1 fatigu* Xijt« 

^ f th«erttl*«X fatigue Xlfa pr«di«ttt4 ttvm 

anaXytloal w>d«l of S-H eum Jbr «i i^arti- 
euXar itreaa er atraiu* 

P I pi:t>1»abllity »f fatigue life Mng shorter 

than at' the saue etraae «r ftrain XereX 
at ahl^ ^ la oaXotAated 
« I ihaiet parameter 

^ I aaaXe paraaetar* 

5*5 8C0^ OF mm VORKi 

X« Fraatur^sn^phlc study af aore 8peoiarai««a4d he doxM 
t« find ent the aMt freeture aeidianiaK of SerXar fabrie 
lulnfoiued aeopoaltea* 

2« ' She fXe»iral fatigue testa ehoidd he aaorrlad eut ulth 
stress ratlOa aere than aero sueh that the fraatuze due to 
repeated tension and eoapresslon eouXd he found out separateXy# 

&qperlnesta sheuXd he earried eztt at narp dispXaaenent 
Xieits sueh that the raXationahlp hetueen the coftstants ef 
danage nedeX propeeed and '^e lulled fatigue stress or strain 
eevitd he fewst out* 
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4« Nor* dmiBgft should bs trlsd oiiti iw^ Idist tbs 

daasi;# sodtl eould bs sppliosbit st svsry stross l«f«l with 
saas eonfidsoee* 

lbs tXmt 9 t stirssa Isvsl on fatJLsns liXs tfstm 
sesttsr dia:txdbixtio& could bs ibuad oufc by bsstlnd wor* 
apsoiMms «t ssch sttrssa Isip«Xs» 
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